The chemistry of N-organosilylalkyl-substituted heterocyclic bases (thymine, adeneine and cytosine) is described, covering the structures of model compounds, the synthesis of substituted oligo-siloxanes and a preliminary report of the synthesis of a poly-(organosiloxane) with pendant N-alkyl (heterocycle) functionalities. N-alkenylthymines CH 2 =CH(CH 2 ) n T (T = thymine, n = 1 (1), 2 (2), 3 (3)) have been prepared and 2 hydrosilylated to form PhMe 2 Si(CH 2 ) 4 T (5). Alternatively, 5 was prepared by reaction of PhMe 2 Si(CH 2 ) 4 Br (6) with (O,O-SiMe 3 ) 2 T, a method which has also been used to prepare PhMe 2 Si(CH 2 ) 4 A (7) and PhMe 2 Si(CH 2 ) 4 C (8) (A = adenine, C = cytosine). Model di-and tri-siloxanes [Br(CH 2 ) 4 and 21, along with a 2:1 adduct of 5 with Ni(dithiobiuret) 2 (9) are reported.
Introduction
The use of hydrogen bonds to direct the self-assembly of novel materials is one of the most exploited routes to nanostructures of defined composition. The most sophisticated of such systems -DNA -in which complimentary purine / pyrimidine base pairs provides a framework for self-replication is arguably the most simple, yet most structurally appealing, example of nature's work. In recent years, the interplay of T/A and C/G base pairs (T = thymine, A = adenine, C = cytosine, G = guanine) has been used to construct numerous nanomaterials, with applications including nanomechanical devices. 1 Furthermore, there has been interest in the functionalization of polymer chains with biomimetic substituents, in attempts to produce synthetic polymers with the same properties as their naturally occurring counterparts. Polymers analogous to nucleic acids have been made from easily-synthesised vinyl, polypeptide or methacrylate polymers or oligomers with biologically functional pendant groups combined with controlled radical polymerization methods to produce well defined structures. 2, 3 
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Materials based on poly(-caprolactone) 4 and polylactides 5 have been produced, as well as block copolymers with, for example, poly(ethylene glycol). 6 Exploitation of the nucleobase interactions in the block materials led to enhanced aggregation over the individual copolymers. The exploitation of these complementary interactions in forming supramolecular polymers has been reviewed by Sessler et al. 7 Such polymers have potential biomedical applications [8] [9] [10] and have also been proposed as thermoresponsive materials. 11 Rowan and co-workers have used the complementary nucleobase interactions between T/A 12 or C/A 11 to prepare stable, thermotropic liquid crystalline polymers which displayed thermoreversible phase behaviour.
However, as far as we are aware, there has only been very limited attention given to silicon-based materials functionalised by the nucleobases. Déléris et al. carried out the most significant studies, with the aim of producing anti-HIV agents, 13 or improving the lipophilicity of oligodeoxynucleotides, 14, 15 but none of these studies specifically addressed the formation of siloxane polymers. More recent work has focussed on the synthesis of nanostructured organosilica materials by hydrolysis of (EtO) 3 Si(CH 2 ) n -subsituted bases, 16 and the resulting solids were characterised by solid-state NMR. 17 Amino acid-functionalised siloxanes are, however, better known. 18 Meijer and co-workers 19, 20 prepared siloxanes terminated with quadruple hydrogen-bonding ureido-pyrimidone units which assembled into high molecular weight polymer networks with reversible rheology.
Our own interest in silicon-based polymers, 21 and in particular polysiloxanes, 22, 23 has led us to look more closely at the chemistry of the latter polymer backbones functionalised by nucleobases, which might ultimately afford novel, self-organising materials. While our synthetic methodology builds on the earlier work of Déléris, [13] [14] [15] our emphasis is on the synthesis and structural chemistry of both precursors and model compounds as well as the polymers themselves, with a view to understanding more fundamentally the nature of any self-assembly processes.
Experimental Experimental Procedures
Starting materials adenine, thymine, cytosine, guanine, phenyldimethylsilane, (3-aminopropyl)-diethoxymethylsilane, chlorodimethylsilane, chloroplatinic acid, allylamine, allyl bromide, 4-bromo-1-butene, hexamethyldisilazane, 3-bis-(3-aminopropyl)tetramethyldisiloxane, PDMS (Mw ~ 50,000) and PDMS (Mw ~ 25,000) were obtained from Sigma-Aldrich and used without further purification.
Pentamethyldisiloxane and 1,1,1,3,5,5,5-heptamethyltrisiloxane were obtained from Gelest. All reactions were carried out under nitrogen unless otherwise specified. O,O-Bis(trimethylsilyl)thymine, N,Nbis(trimethysilyl)adenine and O,N-bis(trimethylsilyl)cytosine were prepared as described elsewhere, 24 as was nickel bis(dithiobiuret). 25 Infra-red spectra were recorded on NaCl plates using a Nexus Nicolet 510P FT-IR spectrometer in the region 4000-400 cm -1
. 1 H, 13 C and 29 Si spectra were recorded on Bruker Avance (300 MHz) Fourier transform spectrometer, using TMS as an internal reference. Elemental analyses were performed using a Carbo Erba Strumentazione E.A. model 1106 analyser. The results were duplicated and the mean of the duplicated measurements was the final result. Gel permeation chromatography (GPC) was carried out in chloroform at 30 o C using a flow rate of 1 ml min -1 through two 30 cm 'PL Gel 10 m Mixed' columns. Data was collected from a refractive index detector on a Viskotek 'Trisek 2000' chromatograph and analysed using 'Trisec 3.0' software. Molecular weights are reported relative to polystyrene calibration.
1-allyl-5-methylpyrimidine-2,4(1H,3H)-dione (1).
A THF (50 cm   3 ) solution of bis-(trimethylsilyl)thymine (11.0 g, 41mmol) 24 and an excess of allyl bromide (13.0 cm 3 , 150 mmol) were refluxed until the IR spectrum displayed no further generation of the product, monitored by charting the growth of the peak at ca. 1750 cm -1 due to the carbonyl groups on thymine (ca.
72 h). The THF and excess allyl bromide were then removed under reduced pressure leaving the product as a yellow oil from which the product 1-allylthymine (1) spontaneously crystallised. ).
Also prepared by the same method were:
From bis-(trimethylsilyl)thymine (3.0g 11 mmol) and 4-bromo-1-butene (3.0 cm 
5-methyl-1-(pent-4-en-1-yl)pyrimidine-2,4(1H,3H)-dione (3)
From bis-(trimethylsilyl)thymine (3.0g 11 mmol) and 4-bromo-1-pentene (2.6 cm 3 , 22 mmol) over 144 h. 
1-(4-(dimethyl(phenyl)silyl)butyl)-5-methyl-4-((trimethylsilyl)oxy)pyrimidin-2(1H)-one (5)
A mixture of 1-(but-3-en-1-yl)-5-methylpyrimidine-2,4(1H,3H)-dione (2) (0.50 g, 2.74 mmol) and excess of hexamethyldisilazane and a few crystals of ammonium sulphate were refluxed for 18 h, after which the opacity due to solid 2 had cleared. The volatiles were removed under reduced pressure, and to the remaining colourless oil (4a) was added THF (10 cm 
5-methyl-1-(4-(1,1,3,3,3-pentamethyldisiloxanyl)butyl)pyrimidine-2,4(1H,3H)-dione (14)
From a DMSO solution (40 cm ). Thin layer chromatography of the resulting white powder, using a mixture of dichloromethane and hexane (98:2), suggested a mixture of three remaining species, at r = 1.00-0.95, 0.70 and 0.65-0.40. Chromatography on silica using the same eluent yielded three bands in each case.
The first, eluted with the solvent front, was found to be trace amounts of unreacted siloxane (10). The second was found to be trace amounts of DMSO, and the third yielded the desired product 20 as a white powder (0.06 g, 8%). A white powder remaining uneluted was assumed to be the unreacted thymine.
Recrystallization was attempted from dichloromethane, chloroform, ethyl acetate and a mixture of dichloromethane and hexane, but crystals of the product were not obtained. 
Crystallography
Experimental details relating to the single-crystal X-ray crystallographic studies are summarised in Table   1 . Data for 4, 5, 9, 19 and 21 were collected on a Nonius Kappa CCD diffractometer at 150(2) K using Mo-K  radiation ( = 0.71073 Å), while that for 8 was collected at 150(2) K using the synchrotron radiation ( = 0.846 Å) at Daresbury Station 9.8. Structure solution was followed by full-matrix least squares refinement and was performed using the WinGX-1.70 suite of programmes. 29 Unless stated otherwise, all non-hydrogen atoms were refined anisotropically, while hydrogen atoms were added in calculated positions save those involved in hydrogen bonding, which were located and freely refined. Specific details are as follows: 4 has two independent molecules in the 
Results and Discussion
The synthetic strategy we have followed is summarised in outline in Scheme 1 for thymine. There are two complimentary routes to the target polymers, each starting from a trimethylsilyl-protected base, which affords better regiospecificity of the subsequent reactions. 14 The first protocol involves N-alkenylation of the base followed by protection and hydrosilylation, while the alternative is to form an -silyl--bromoalkane by hydrosilysilyation of an appropriate alkene a priori, with attachment of the nucleobase as a final step. Where possible we have attempted similar reactions on all four nucleoside bases, but in general the chemistry of guanine (and to a slightly lesser extent, adenine) has proved the least tractable due to solubility considerations, while thymine has given the broadest range of characterisable products.
Synthesis and structural chemistry of N-1-alkenyl-and N-1-(organosilyl)alkyl thymines
The N-1-alkenylthymine derivatives 1 -3 have been synthesised from the reaction of silyl-protected thymine with the appropriate alkenylbromide. An excess of alkenyl bromide was refluxed with the silylated base until the IR spectrum of the reaction mixture displayed no further generation of the product, measured by monitoring the evolution of a peak at 1720 cm -1 due to the carbonyl group in thymine. After removal of the volatiles, thick liquids remained from which 1 crystallised in good yield (81%), while 2 and 3
were first separated by chromatography from excess reagent before crystallization; yields fell markedly with increasing chain length (59, 18% for 2, 3 respectively). 1, 14, 26 2, 27, 30 3 28, 30 and analogues with longer alkenyl chains (n = 9; C 11 ) 16, 17 have been prepared by others, usually using NaH as base to deprotonate the thymine, though there appears to be a wide variation in literature melting points cited for these products. Furthermore, the use of an unprotected base leads to a mixture of regio-isomers with substitution at both N-1 and N-3, 31 something that was not seen in our synthesis where the steric protection offered by the Me 3 Si groups directs substitution to N-1 rather than the more acidic 32 (but now more hindered) N-3 site. NMR data for 1 and 3 are similar to those reported by others, while spectral characterization of 2 is reported for the first time.
As a representative example, 1 was then re-protected by O-silylation using (Me 3 Si) 2 NH / (NH 4 ) 2 SO 4 to yield 4 in almost quantitative yield; protection occurs only at the unhindered C-4 carbonyl. Given the success of this reaction, 2, with a longer chain and more exposed alkenyl group, was then re-protected (4a; n = 2; not isolated) and hydrosilylated using PhMe 2 SiH in the presences of a catalytic amount of chloroplatinic acid to afford the N-phenyldimethylsilylbutyl derivative of thymine (5) The alternative route to silylalkyl-substituted bases (Scheme 1) involves formation of R 3 Si(CH 2 ) n+2 Br by a priori hydrosilylation of H 2 C=C(H)(CH 2 ) n Br followed by alkylation of the protected bases in a manner analogous to Eqn. 1, using a stoichiometric quantity of tetrabutyammonium fluoride as co-reagent. 
24
The ability of compounds such as 5 and 8 to form more complex hydrogen-bonded networks was explored by co-crystallising the thymine derivative 5 with nickel dithiobiuret. 25 Figure 4 ).
For completeness, we have also determined the structure of the related complex of nickel dithiobiuret with two equivalents of thymine, 43 which adopts a similar sheet structure to that of hydrated Ni(biuret) 2 .2uracil but is far more compact due to direct intermolecular hydrogen bonding between thymine units (rather than via water) and a concomitant puckering of the sheet to accommodate the methyl group not present in uracil; no further comment is of necessity here.
Synthesis of model siloxanes and their compounds with pendant purine / pyrimidine bases
In order to gain insights into the attachment and resulting structures of purine and pyrimidine bases linked to siloxane chains, we have synthesised several model siloxanes (10 -13; Scheme 3) for further elaboration. CH 2 N signals at 3.66 and 3.90 ppm for N-1 and N-3 butyl groups, respectively. 44 The lack of a single product in these cases is in contrast to the observed reactions using silyl-protected bases in these reactions, as discussed earlier.
28
The reaction chemistry involving 10, which bears two 4-bromobutyl substituents, is more complex. In the case of adenine, a single product (18) 1+x,y,z.
32
The structures of other pyrimidocyclophanes incorporating a single thymine have been reported, 46 largely with macrocycle-, 47 aza- [47] [48] [49] and thio-methylene 47 bridges between points on the pyrimidine base. To the best of our knowledge, 21 is the first such species incorporating cytosine.
Polymer chemistry
As a preliminary exploration of the potential to prepare nucleobase-substituted polysiloxane chains, we have prepared siloxane polymers carrying pendant thymine and adenine groups using methodology adapted from that shown in Scheme 4.
Reaction of 3-(4-bromo)butylheptamethyltrisiloxane (13) (23) The NMR spectra for the adenine-substituted polymer 25 also shows sufficient similarity to the small molecule compounds for us to be confident of the structure of the polymers, with comparison of the position of the N 9 -CH 2 peak indicating that substitution took place at the most basic 9-position. 37 The change in M n for the polymer 21250 to 23700 is not significant.
In an initial attempt to investigate the potential interactions between the polymer chains via hydrogen bonding, equal amounts of these 0.2% functionalised polymers (24, 25) were mixed and analysed by 1 H 34 NMR and GPC. Unfortunately, the 1 H NMR spectra of the mixture gave no indication of the potential bonding while the molecular weight distributions correspond to a simple mixture with no interaction between components. This suggests that little or no hydrogen bonding interaction takes place in solution between the thymine and adenine functionalised siloxane polymers at the low loadings in these materials.
It may be that higher loadings of base pairs are needed to achieve strong interactions in solution,
particularly with the A -T combination which has only the two hydrogen bonding sites; using complementary bases with three or four sites has been used previously 20 to provide siloxanes with useful material properties. To date, however, we have not achieved complete conversion to pure basefunctionalised polymers from starting bromobutyl-substituted polymers with higher than 0.2% functionalised loadings to test this assertion.
